The amino acid requirements of Chlamydia trachomatis were defined in McCoy cell monolayer cultures, depleted of their nutrient reserves by maintenance in Earle balanced salt solution for at least 2 days, and then treated at infection with 1 ,g of cycloheximide per ml, an inhibitor of host cell protein and deoxyribonucleic acid synthesis. Serum The purpose of the present investigation was to determine the specific amino acid requirements of a recently isolated genital strain of C. trachomatis in McCoy cells which were treated from the time of infection with cycloheximide to inhibit protein synthesis by the eucaryotic host cell but not by its procaryotic parasite (1, 2, 9).
Isolation of Chlamydia trachomatis from human genital infections is widely undertaken in McCoy cell cultures, but there have been many problems in achieving satisfactory sensitivity and reproducibility in these diagnostic procedures. In the hope of increasing chlamydial growth by limiting the possibility of competition between the host cell and its intracellular parasite, replication of the infected McCoy cells is now commonly suppressed by agents such as cytochalasin B, iododeoxyuridine, or cycloheximide or by irradiation (11) . However, these manipulations remain largely empirical, since the exact nutritional requirements of neither C. trachomatis nor McCoy cells are known and may therefore not be provided by the commercial cell culture media most commonly used in virological work.
The purpose of the present investigation was to determine the specific amino acid requirements of a recently isolated genital strain of C. trachomatis in McCoy cells which were treated from the time of infection with cycloheximide to inhibit protein synthesis by the eucaryotic host cell but not by its procaryotic parasite (1, 2, 9).
The relationship of the present findings to those previously obtained with chicken embryoadapted strains of chlamydia isolated from patients with lymphogranuloma venereum or with trachoma (16) or with the 6BC laboratory strain of C. psittaci (3) will be discussed subsequently.
MATERIALS AND METHODS Strain of C. trachomati& The BK strain (serotype D/E) of C. trachomatis isolated from the genital secretions of a female with nongonococcal cervicitis was used at McCoy cell passage 6 (5) . The pool was stored at -70°C in Earle balanced salt solution (BSS) with 5 .5% (wt/vol) sorbitol in 0.2-ml amounts, after centrifugation of elementary bodies at 20,000 x g for 20 min under refrigeration from infected cultures disrupted by sonication (3x 15-s exposures at maximum intensity on a Rapidis 150 ultrasonic machine from Ultrasonics Ltd., Shipley, England). The titer of the strain was 5 x 105 inclusion-forming units per ml of undiluted pool. Dilutions of the strain were made in BSS (Flow Laboratories, Irvine, Scotland).
Cell culture procedures. The methods for the preparation of cover slip cultures of McCoy cells, methods of infection with C. trachomatis and fixation, Giemsa staining, and dark-ground microscopic examination of such cultures after infection have ail been described in detail (6, 12, 13) .
Medium MB 752/1 (18) was used throughout for growth and maintenance of the cell cultures. This medium was prepared freshly for each day's experiments from concentrated master stocks as described below. Reagents were obtained from BDH Chemicals Ltd., Poole, England, and amino acids of the L-configuration were used.
Cultures were prepared by seeding 105 McCoy cells freshly obtained from stock cultures into 1 ml of MB 752/1 medium with 1.48 mM Gln and 10% (vol/vol) fetal bovine serum (Seralab, Crawley Down, Sussex, England) onto a 10-mm glass cover slip in a screw-cap glass container and incubating for 36 h at 35°C in 5% C02 in air.
Depletion of cell cultures. Established cover slip cultures were depleted of their nutrient reserves (starved) by maintaining them in BSS only. At 36 h postseeding the growth medium was removed and replaced with 1 ml of BSS. This was changed twice over the next 60 h of incubation and was replaced by serum-free test medium immediately before infection.
Infection procedure. After the addition of the test medium, cultures were treated with 1 pg of cyclohexmide (BDH Chemicals Ltd.) per ml in BSS and were then immediately infected by adding 0.2 ml of a dilution of BK strain in BSS. The cultures were centrifuged at 3,500 x g for 1 h at 33°C before further incubation at 35°C for 48 Table 1 were individually omitted from the growth medium, no inclusions were detected after 48 h of incubation. These amino acids will be referred to hereafter as "essential." With a further five amino acids (Arg, Lys, Met, Thr, and Trp), some chlamydial growth was observed, but both the inclusion count and the infective yield were significantly reduced and most inclusions were small and sparsely filled with elementary bodies. These amino acids will be referred to subsequently as "advantageous." Asp, Gly, and Pro were "nonessential" for BK growth, since their absence did not reduce inclusion formation or chlamydial replication.
In all of these experiments GSH (-y-L-glutamyl-L-cystenylglycine), Glu, and Gln were included in the various growth media since it seemed probable that one or more might be essential for McCoy cell survival even after cycloheximide treatment. Their role in BK growth was next investigated.
Importance of Gln to C. trachomatis growth. Omission of Glu and GSH from otherwise complete MB 752/1 medium did not affect the appearance of the McCoy cells or inclusion formation and infective yields of BK (Table 2) . Glu can therefore be classed as nonessential. Cultures lacking Gln, however, produced lower inclusion counts and infective yields were poor. Even lower counts were obtained when both Glu and Gln were omitted. This may suggest that Glu may substitute for Gln, but only to a certain incomplete extent. Inclusions in media lacking Gln were small (7.4-,um mean diameter) and sparsely filled with elementary bodies. Gln is therefore also advantageous for BK growth. Thus, only five (including Glu) of the amino acid components of MB 752/1 medium were nonessential for chlamydial growth.
Effect of varying the concentration of individual essential amino acids. Each of the eight essential amino acids was incorporated separately at 0.5, 1, 2, and 4x its recommended concentration in MB 752/1 medium, in an attempt to determine the optimum concentration for chlamydial growth. There was no significant difference in inclusion counts from those in control cultures with serum-free complete medium. Taken individually, Cys/Çys, His, Phe, and Val did not give any variation in count over the range of concentrations used, with the exception of His, which gave lower inclusion counts at 0.5x the recommended concentration. Leu and Ile produced lower inclusion counts in all but the recommended concentrations. Tyr was the only ' GSH, y-L-Glutamyl-L-cystenylglycine. (Table 3) when both the essential and advantageous amino acids were tested at 4x their recommended MB 752/1 medium concentration. The increase in inclusion count was less marked when only the eight essential amino acids were increased in concentration, with the advantageous amino acids present at their standard concentrations. It seems, therefore, that in terms of achieving the maximum inclusion count from a given inoculum of BK, all 14 amino acids need to be incorporated at higher concentrations than in normal MB 752/1 medium for optimal chlamydial growth, under the present experimental conditions. However, infective yields of BK strain from cultures with half and even from those with the VOL. 13, 1981 on October 24, 2017 by guest http://jcm.asm.org/ Downloaded from (i) Nonessential. When Asp, Gly, GSH, Glu and Pro were omitted individually or collectively from the medium, the infected cultures produced as many chlamydial inclusions as did those maintained in complete medium. The infective yield of chlamydia from the two types of culture did not differ significantly.
(Hi) Advantageous. When Arg, Gln, Lys, Met, Thr, or Trp was omitted individually from the medium, the cultures showed significantly lower inclusion counts and gave lower infective yields than did control cultures in complete medium.
(iii) Essential. When infected cultures were maintained in media from which Cys/Çys, His, Leu, Ile, Phe, Tyr, or Val had been omitted, collectively or individually, no chlamydial inclusions could be detected in any McCoy cell in the cultures.
The number of inclusions obtained from the constant chlamydial inoculum could not be increased above that found in complete medium by increasing the concentration of each essential amino acid alone. However, a fourfold increase in both the essential and advantageous blocks of amino acids resulted in a twofold increase in the inclusion count compared with that in cultures maintained in normal MB 752/1 medium.
It seemed possible that these effects on chlamydial growth These varying requirements may represent innate or laboratory-acquired differences between different strains of chlamydia or may be the result of different tissue culture procedures. The strains tested by earlier workers (3, 16) differ from genital strains of C. trachomatis such as the BK strain in many important respects, quite apart from their obvious differences in epidemiological behavior. Their genetic relationships, antigenicity, and growth characteristics also differ (4), especially in the restriction of growth of recently isolated genital strains of C. trachomatis to a single cycle of inclusion formation in tissue culture, in contrast with the strains used in earlier studies, which had all received extensive laboratory adaptation to growth in chicken embryos. Furthermore, it is probable that the nutritional requirements of chlamydia may be modified by the species or condition of cell culture in which they are grown. For example, certain trachoma strains were found to require Ser when growing in human amnion cells but not when growing in human kidney cells (16 (7), but the culture conditions were very different in the two studies. Thus, the failure of C. trachomatis BK, but not of C. psittaci 6BC, to grow in media deficient in Arg, His, Lys, and Gln could possibly reflect differences in the metabolic activity of the cell cultures used. In the present experiments, depletion of the amino acid pools and probably the nucleotide pools of the cells before infection, followed by treatment with cycloheximide, might well have induced more severe metabolic changes than would manipulations of media in the replicating cultures used earlier (3, 16). This may be particularly the case with Gln, which is involved not only in protein metabolism but also in purine and pyrimidine synthesis in mammalian cells (17) . C. trachomatis is known to utilize preformed nucleotides (15) , and it may well be that a requirement for Gln for chlamydial growth can only be demonstrated under conditions in which host cell nucleotide metabolism and storage have been suppressed.
The present results suggest that relative or absolute deficiency in the amino acids of MB 752/1 medium does not prevent adsorption or penetration of McCoy cells by C. trachomatis BK, but results in part of the inoculum establishing only latent infection, as with C. psittaci (3, 8, 10, 14) , or in abortion and resorption of some foci of intracellular infection at an intermediate stage of development. It is possible that amino acids other than those included in MB 752/1 medium may merit future consideration even though this medium was specifically formulated with tissue culture cells similar to McCoy cells in mind. Similarly, the role of the various vitamins and hormones added to most commercial tissue culture media may also play a role in the ability of these cells to support chlamydial growth.
